Increasing of the imaging rate of conventional atomic force microscopy (AFM) is almost impossible without impairing of the imaging quality, since the probe tip tends to lose contact with the sample. We propose to apply the additional nonlinear force on the upper surface of a cantilever, which will help to keep the tip and surface in contact. In practice this force can be produced by the precisely regulated airflow. Such an improvement affects the AFM system dynamics, which were evaluated using a mathematical model presented in this paper. The model defines the relationships between the additional nonlinear force, the pressure of the applied air stream and the initial air gap between the upper surface of the cantilever and the end of the air duct. It was found that the nonlinear force created by the stream of compressed air (aerodynamic force) prevents the contact loss caused by the high scanning speed or higher surface roughness, and at the same time has minimal influence on the interaction force, thus maintaining stable contact between the probe and the surface. This improvement allows to effectively increase the scanning speed by at least 10 times using a soft (spring constant of 0.2 N/m) cantilever by applying the air pressure of 40 Pa. If a stiff cantilever (spring constant of 40 N/m) is used, the potential of accuracy improvement reaches 92 times. This method is suitable for use with different types of AFM sensors and can be implemented practically without essential changes in AFM sensor design.
Introduction
Atomic Force Microscopy (AFM) is widely used for measurements of various properties of materials, including surface topography, friction, adhesion and viscoelasticity in an atomic scale [1] [2] [3] . The main limitation of AFM is low scanning speed, which depends on multiple dynamic factors, related to the sensory part of AFM, like positioning system, probe type, probe and surface material, etc. Also, the data transfer and processing capabilities will limit the data acquisition speed. Nevertheless, the main limiting factor of scanning speed is the dynamic behavior of the cantilever. AFM probe scans the surface of interest trying to keep the user defined initial interaction force between probe and surface. Too low initial interaction force and high scanning speed lead to contact loss between probe and surface. Increasing of initial interaction force is not a solution, since in case the interaction force is higher than the Van der Waals repulsive force, the probe can be adhered on a surface. In this case, normal working of AFM becomes impossible. Different approaches are used to resolve this problem, such as: i) designing a new type of actuators [4] ; ii) improving both the optical beam deflection and the electronic readout systems [5] ; iii) using a self-actuating high quality PZT cantilever with piezo resistors [6] ; iv) using small cantilevers [7] ; v) using s high-resonant-frequency cantilever [8] ; vi) using high resonance frequency, thermally actuated piezo resistive cantilevers [9] ; vii) utilizing a Q-controlled eigenmode of an AFM cantilever to perform the function of the actuator [10] . All these ideas are based on the introduction of new devices to the sensory part or improvement of the AFM control system. In general, solutions of this type could not be applied to AFMs of different configurations. Therefore, a more versatile and convenient AFM speed improving system is needed. A new engineering solution, the idea of increasing the scanning speed of AFM without changing the hardware part of the sensor, was proposed in our earlier research [11] . Cantilever tip and surface interaction in such a system is controlled by an additional force, created by use of the air stream [12] . In a case when the cantilever's tip loses contact with the surface at high speed, the air stream helps to keep the probe and surface in contact due to the increased stiffness of the cantilever. Aerodynamic force can be used in mechanical systems for lubrication of moving surfaces, and precise positioning or control of dynamic characteristics. Most popular applications of such methods are gas bearings [13] , computer hard disk drives [14] , air bearing spindles [15] , and vibration damping mechanism of HDD arms [16] .
The additional stiffness, created by the air stream, should be controllable and nonlinear, and should not create any additional force when the contact between the tip and the surface is stable. For the introduction of the airflow to the microscope it is enough to produce a cantilever holder with an installed micro air duct and a precise airflow control system. In earlier research, it was found that the AFM cantilever is sensitive to air stream [12, 17] . The effect of an applied aerodynamic force depends on: initial gas pressure, air duct diameter and shape, initial gap size between air duct and cantilever surface. In this current research a detailed mathematical model is presented, in which experimentally determined parameters and design of a holder with an installed air duct is used.
The aim of this paper is to present a mathematical model and simulation results on research of a particular proposed solution that improves the AFM scanning process of large areas (> 30x30 μm) in contact mode, and is suitable for any kind of AFM apparatus and cantilevers.
Dynamic model of the AFM cantilever

General considerations
The AFM consists of several systems: a sample positioning system, a mechanical sensor (cantilever) with a scanning tip and a measurement system. All of the systems within the AFM are interdependent of each other. The mechanical part of the AFM sensor consists of an approximately 10-micrometer long tip, which is attached to a long thin cantilever. The surface properties in contact mode AFM are revealed by observing the cantilever deflections caused by the tip -sample interaction. The deflection of the cantilever usually is measured using optical methods. A laser beam is projected on the upper surface of the cantilever close to the tip. The reflected beam is directed via a mirror into an optical sensor [18] [19] [20] .
Our research is focused on the modelling of the mechanical part of the AFM in order to have the mathematic description of the dynamic response to kinematic excitation, which can be used to analyze the dynamic behavior of the cantilever. The air stream produced by a special tube, which is installed within the cantilever holder system, introduces the additional force affecting the cantilever. This force can be precisely controlled by controlling the airflow and therefore is thought to be non-linear. The size of the force, acting on the cantilever due to the airflow, depends on the distance from the air duct's end to the upper surface of the cantilever and the airflow stream. Schematic representation of the proposed method is presented in Figure 1 . 
Dynamic model
Dynamic model of the system is shown in Figure 2 . The cantilever, which can be assumed as a rod with rectangular cross-section, is approximated by two elastic elements with a concentrated mass at the ends. It is assumed that each element has a mass, and a moment of inertia, which are used to evaluate the deflection and rotation angle of the rod's end. In the lumped mass model, the mass of each element is transferred to the end point of the elastic element as shown in fig 2. It is assumed that the end point is shifted approximately 25,5% of the element's mass [21] . Therefore, the moment of the rod's inertia around its attachment point is evaluated. Supposing that the cantilever is made from silicon nitride Si3N4; the properties of this material correspond to the Kelvin-Voigt material model. The dynamic characteristics of the probe are approximately estimated as elastic elements with damping. The main system coordinates are η1, γ1, η2, γ2, and they describe linear and rotational displacements of cantilever points of interest. The initial clamping force of the cantilever is approximated by a constant force F2, which acts in the negative coordinate η2 direction. The model also includes a nonlinear force F1, introduced by the airflow. This force depends on the gap size between the air supply tube and the cantilever surface.
where Δ0 -size of the initial gap between the end of the air supply tube and the cantilever upper surface, when the cantilever is not affected by air stream.
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The roughness of the sample surface, which kinematically excites system oscillations [22] , is described by coordinate δ. The probe is approximated by an elastic element with the coefficient of stiffness k, and damping with the coefficient of damping h. The elasticity of the cantilever is evaluated by using the cross-section parameter E  Isk, where E -Young's modulus, Isk = w t 3 /12 -moment of inertia of the cross-section of the beam with respect to the horizontal axis, where wwidth of cantilever and t -thickness of cantilever. It is considered that linear probe movements are described by coordinate η2. The mathematical model is created using Lagrange equations of the second type in the matrix form 
The matrix of inertia is given as   It is considered that in its natural state, the rod is rectilinear and bending occurs only in one plane, as illustrated in Figure 3b . In this case, potential energy of the beam is:
where L -length of the beam; s -local longitudinal coordinate of the beam. 5 of 18 In this case, the local generalized coordinates of the beam are force Fη and bending moment Mξ. By differentiating the potential energy of the beam with respect to the generalized coordinates Fη and Mξ the matrix of flexibility is obtained:
Matrix of stiffness:  .
Because the cantilever of the AFM system is modelled by two elements, the ith element of the matrix of stiffness is:
In our case, the cross-section of the beams and the Young's modulus are equal for both elements. The potential energy of the cantilever is given by:
where πi -potential energy of i th beam of cantilever,
Total potential energy of the mechanical sensor of AFM: Where Π3 -potential energy of the AFM sensor stiffness
The coefficient of stiffness k is piece-wise linear. To evaluate processes that occur during calculations: when the spring is compressed, k = k0; when the spring is uncompressed, k = 0. This way two different states of the system are obtained. The coefficient of stiffness of the one system states is obtained by differentiating potential energy Π with respect to generalized coordinates η1, γ1, η2, γ2. 
 
The matrix of stiffness for other states of the system differs from the previous state only that here k = 0. It is considered that damping matrix is
where α -constant, and in our case, its value is 0.0009.
The α value is determined from the results of experimental research and has no definite physical meaning. Such a method of proportional damping of the stiffness is often used in systems with an experimentally defined general coefficient of stiffness.
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where h = α k.
In the other state of the system, the difference between equations is in the values of k = 0 and The parameters of the aerodynamic force were determined using our previous research results from the theoretical 3D model of the microscope cantilever [17] . This model provided the dependencies among the air gap, the pressure of compressed air and the resulting force on the cantilever. The displacement of the cantilever at coordinate η2 (Figure 2 ) was calculated by:
Experimental technique
Experiments were performed in the Laboratory of Center for physical sciences and technology, using home-made AFM. An AFM cantilever was attached to a displacement measurement system URS143 using a specially designed holder with an installed air duct in order to supply compressed air to the cantilever's work area ( Figure 5 ). The holder with an installed 0.4 mm diameter air duct inside was designed in accordance with two basic requirements: the duct must not interfere with the optical displacement measurement system; the air stream which flows from the air duct should create a maximum possible aerodynamic force on the upper surface of the cantilever. Additionally, an evaluation of the right size of micro tube was performed by theoretical research on the results of additional air flow simulation performed using FEM [12] .
For the precise supply of clean compressed air, a special mechatronic system was designed ( Figure 5 ). The pressure of compressed air in the system is controlled by changing the efficiency of the micro compressor according to the desired pressure and output pressure measured using the pressure sensor MPXV5050GP (Freescale Semiconductor, Austin, TX, USA).
For the control of the whole test rig, measurement system adjustment, calibration and result processing, the LabView software package was used. The control program allows to simultaneously adjust the pressure of compressed air and measure displacement of the cantilever with respect to time. Measurements data was recorded using National instruments data acquisition equipment. During the experiment, compressed air was applied on the upper side of the cantilever. In order to evaluate the effect of sample surface, a piece of glass was placed at few micrometers under the probe. Air pressure was increased from 0 kPa to 20 kPa by step size 1 kPa, and the response of the cantilever was measured. In order to ensure repeatability of further researches and to create a possibility to scan the same structures with different speeds, there were special samples manufactured with periodic structures as shown in Figure 6 . The period of structures was changed in a range from 1 μm to 9 μm. Samples were fabricated using photolithography. First, a chromium layer of 50 nm thickness was developed on a borosilicate glass wafer (700 μm thickness). Using a photolithography mask (Figure 6 ), the chromium layer was covered by photoresist. Then the layer of chromium was etched for 3 min. Finally, the photoresist was removed. The structure quality was measured using a 3D Laser Scanning Confocal Microscope VK-X260K from KEYENCE America (Itasca, IL, USA) with a vertical resolution of 0.5 nm.
Results and discussion
Experimental results
Measurements by laser scanning microscope
Laser Scanning Confocal Microscope (LSCM) was used for the measurement of fabricated structures. A fabricated structure is uneven and has sharp edges ( Figure 7) . It is not easy to measure such structures by AFM, therefore, we expected that the AFM picture will show 'loss of contact' between the tip and the sample's surface, or some inaccuracy. Moreover, an(?) ideal surface, when it is used as input in the model, allows to get a response from the AFM model in a natural way. Sometimes, if the roughness of the surface is not known, it is hard to decide about imaging artifacts. Therefore, the results observed by LSCM are useful, since knowing real structure made the AFM experiment more clear and reliable. Data from this measurement is used as control patterns for further research.
Measurements by atomic force microscope
Experiments with home-made AFM were performed in the same way as using LSCM. The whole surface was scanned at 112.5 μm/s speed in contact mode, and one line was chosen for model input (Figure 8) . Dependency between the surface point coordinate and the structure profile height was converted to dependency between time and profile height as shown in Figure 8 b. This conversion is needed in order to use this dependency as an input for the model, and to simulate cases when the same sample is scanned at various speeds using different cantilevers. Comparing the AFM and LSCM results, it was observed that the results of structure topography are similar: the average surface roughness is 50 nm; the distance between the peaks of profile is 3 μm. 
Effect of applied pressure to vertical displacement of the cantilever
Initial experimental research of the modified AFM sensor shows that the AFM cantilever is sensitive to air stream [23] . Effect of applied aerodynamic force depends on: initial gas pressure, air duct diameter and shape, initial gap size between the air duct and the cantilever surface. A detailed explanation of our suggested modification and research on the additional force was presented in [12] . It is important to choose appropriate gas for the pressure system, therefore, in our earlier research there were calculated dependencies of distance versus displacement using carbon monoxide, nitrogen, air, and argon [17] . It was found that the highest displacement could be observed using carbon monoxide. Using air, nitrogen, and argon, the displacement is quite similar. However, the easiest way to apply pressure to the cantilever is to use compressed air.
Experimental research with an applied stabilizing air stream was performed according to the following methodology: pressure of applied compressed air stream was changed in the range 0…20 kPa with pitch of 1 kPa, and displacement (change in coordinate η2, Figure 2 ) of the cantilever (Table  1 , Case 1: soft rectangular cantilever) was measured. The dependencies between set pressure, real pressure and cantilever displacement are shown in Figure 9 . Set pressure is different from real pressure due to the properties of air supply and the control system of stream pressure regulator. Air pressure in the system and cantilever displacement were measured continuously during the whole experiment. When the pressure of compressed air was increasing from 0 to 12 kPa, the displacement of the cantilever increased linearly from 0 to 4 μm. When the pressure of compressed air was increased more than 12 kPa, the displacement of the cantilever decreases significantly. In this case, air flow creates a lifting force between the cantilever's lower surface and the sample surface, which compensates for the aerodynamic force (F1, Figure 2 ), developed on the cantilever's upper surface. The performed experimental test of aerodynamic force implementation into the AFM cantilever control reveals a range of useful air pressure for our modified AFM measurement sensor as 1…12 kPa.
The experimental setup gives stable and permanent values of air stream, therefore to repeat this experiment, it is needed to adjust the pneumatic duct to the particular design of AFM. Also, it is necessary to state that the calibration of the aerodynamic system is required after each change of components of AFM sensors.
Analytical results
AFM contact mode simulation
The purpose of the simulation is to compare the displacements of the probe of the modified and the original AFM sensor by simulating the scanning of various surfaces, using various pressures of compressed air at various speeds. Differences between the model input signal and the sensor's responses will show scanning errors caused by dynamic properties of cantilevers. The difference between the response of the modified and the original sensor will show the effect created by an additional nonlinear force. In order to bring the simulation as close to a real condition as possible, instead of approximating the sample surface by mathematical functions, real scan dates are used.
Simulations were performed using the AFM horizontal contact mode scanning result (Figure 8 b) as a model input. The AFM dynamic system was simulated in two cases: the initial and aerodynamically loaded models. The applied aerodynamic load represents the air flow from the microscopic tube. Model parameters, used in the simulation, are provided in Table 1 . In order to achieve the desired stiffness of the cantilever, an additional force from the air stream, treated as supplemental stiffness of the cantilever in the dynamical model; the pressure in the air supply system is set to 60 Pa. This value is taken from experimental results (Figure 9 ). This value of supply pressure is necessary due to the compensation of aerodynamically lost air, initially supplied by a 4 mm diameter tube, through a 0.6 mm connector to a 0.4 mm air duct in a holder. This is necessary to explain that these two different values of pressure apply to a different part of the pneumatic system. The value of 60 Pa relates to the outlet air stream from the thin duct in close position to the AFM cantilever. The high value of pressure is applied to the input of the special air duct, and its effective value can be measured by a real gauge.
The relation between these two pressures was detected indirectly. First, the FEM model of the air duct system, and the aerodynamic chamber between the duct outlet and the corresponding cantilever surface, modelled in the steady-state task, and material on this research is provided in [12] . The experimental definition of outlet pressure from the duct is practically impossible, therefore an indirect method was used. The pneumatic system was installed in the real AFM sensor, and deflections of the sensor were measured only with an aerodynamic force load. Having real stiffness of a sensor cantilever, the value of aerodynamic force was detected.
Taking into account both of these circumstances, in the model the lowest value of air stream was supplied based on the experimental aerodynamic force of it. In the experimental research, the highest value of air pressure was used only as a possible control value. 310 GPa 310 GPa To determine the effect of an additional stiffness, the same model was solved with and without the additional nonlinear stiffness element added. A comparison of simulation results allows to identify the AFM system's change of its dynamic characteristics, due to the additional nonlinear controllable stiffness element.
Results of AFM contact mode simulation
Calculations for the AFM model in contact mode were first performed with a 'soft' cantilever (Table 1) , which is designated for contact mode measurements. First, the simulation experiment was performed at the velocity, which is not sensitive to the existing dynamic characteristics of the sensor (Figure 10) . A modified sensor (with an applied air stream) brings a slightly lower signal than a standard sensor, therefore there is no reason to apply any air stream. Table 1 ) response to excitation, defined using experimental data from Figure 8 b as an input signal. Scanning speed 112 μm/s; redexcitation signal; blue -response of non-modified AFM sensor; black -response of modified sensor.
The next simulation done at a speed, ten times higher than the previous one, with the same pressure applied (Figure 11 ). The model output was observed for the modified AFM sensor, which was negatively offset if compared to the excitation and output for the non-modified AFM sensor. Also, as seen in the insets of the Figure 11 , the output for the modified AFM sensor contains less small-scale noise, which is observed in the output for the non-modified AFM sensor. This small-scale improvement is explained as yet another result of the applied pressure. Table 1 ) response to excitation, defined using experimental data from Figure 8 b as an input signal. Scanning speed 1120 μm/s, applied pressure 60 Pa; red -excitation signal; blue -response of non-modified AFM sensor; blackresponse of modified sensor.
Our system with the applied pressure 60 Pa gives an appropriate result, however the modified sensor signal does not fit to the input signal. It is slightly lower, and this could be explained as to high pressure being applied, and this disturbs the cantilever. Therefore, we tried to lower the pressure to 40 Pa and 20 Pa, as shown in Figure 12 and Figure 13 , respectively. It was found that lower pressure is useful in the case of the softer cantilever. However, if the pressure is too low (20 Pa), its influence on measurement results on some lower values is limited. Low pressure influence on the sensor signal revealed itself only on landscape extremities; nevertheless it can be useful for soft sample scanning. Another set of results was obtained by using a stiffer cantilever, designated for tapping or intermittently contacting AFM modes. Implementation of the stiffer cantilever with an applied air stream brings better results; air stream disturbing action was not noticed in the signal/noise ratio as shown in Figure 14 . We observed contact loss only applying at much higher speed: 11.2 mm/s (Figure 15 a) , and 11.2 m/s (Figure 15 b) . At 11.2 mm/s the speed contact loss is seen from 0 to 1.04 s (Figure 15 a) . However, from 0 to 0.8 s, there is noise from the model, which under some conditions can be observed at the start of simulation. The contact loss in practice usually occurs at the peaks and valleys at high speeds. Therefore, we compare the responses of original and modified sensors obtained at the highest peak (0.826 s). It was found that displacement using a non-modified sensor is 180 nm, and displacement obtained with a modified sensor is 151 nm, while the value of the excitation signal at this time point is 148 nm. Therefore, the difference between the response and excitation signals is 32 nm for a non-modified sensor, and only 3 nm when the modified sensor is used. Thus, our method at the speed of 11 mm/s gives an accuracy of 11 times more, compared to the usual AFM.
A much better result at 11.2 m/s scanning speed was obtained (Figure 15 b) . It is seen from Figure 15 b that applying a high speed to the cantilever's tip gives very high displacement, two times higher than the input signal. However, the sensor with applied pressure shows the response close to the input signal. Comparing results at 1.4 s, there was observed displacement 240 nm using a non-modified sensor, and 149 nm using a modified sensor, while the value of the excitation signal at this point is 148 nm. Therefore, the difference between excitation and response for the non-modified sensor is 92 nm, while for the modified sensor it is only 1 nm. Thus, the vertical accuracy can be estimated as 92 times more than the usual AFM. The figure 15 b) shows the outputs of the model for the scanning speed, which is 10 5 times higher than the standard scanning speed. Here kinematic excitation of the unmodified AFM sensor approaches its resonant frequency (which is 320 kHz), and the oscillating character of the sensor response is seen. At the same time, the output of the modified AFM sensor remains intact, which we attribute to the effect of applied air stream.
Conclusions
Implementation of air stream as a nonlinear spring in the AFM sensor mechanical part demonstrated promising results: 11 times better vertical accuracy if compared with the unmodified AFM sensor working at 11.2 mm/s (equivalent to 24 lines/s at 50 μm field of view) scanning speed, while the standard scanning speed of the particular AFM system is 112 μ/s (2.4 lines/s at 50 μm field of view). Our model shows that by using the modified AFM sensor, there is a potential to improve the accuracy of the vertical axis as much as 92 times if a stiff cantilever (spring constant of 40 N/m) is used. Efficiency of applying the non-linear additional stiffness depends on the stiffness and geometric parameters of the sensor cantilevers. The softer cantilever (spring constant of 0.2 N/m) in the case of the unmodified AFM sensor exhibits undesired oscillatory behavior already at 1.12 mm/s scanning speed, which provides an excitation close to the resonance frequency of the cantilever (which is 13 kHz). Our model shows that the signal can be improved by applying 20 Pa pressure. The same unmodified AFM sensor, if coupled with the stiff cantilever, will start to exhibit similar oscillatory behavior at 11.2 mm/s, for the same reason of excitation approaching the resonant frequency (320 kHz in this case). This undesired behavior can be eliminated by applying 60 Pa pressure. Modification of the sensor, by applying the air stream, creates the potential for an effective increase of the scanning speed of at least 10 times more, if a soft cantilever is used. Also, in the case of a stiff cantilever, the potential of the scanning speed improvement is at least 100 times. We claim our method to be efficient when the kinematic excitation, caused by the increased scanning speed, will excite oscillating behavior of the sensor.
Our model also shows that there is a potential of an effective increase of the scanning speed up to 11.2 m/s, however this is rarely practically possible in the physical AFM systems.
We also see some limitations and drawbacks of the proposed method. First of all, the effect of the non-linear force applied to the cantilever is limited when lower values (more than 100 nm) are to be imaged. Second, the minimum pressure from the air stream is limited to 20 Pa in the case of the soft cantilever to be effective. In the case of the stiff cantilever, this bottom limit is higher. Also, the maximum useful pressure is limited to 60 Pa in the case of the stiff cantilever, because higher pressure will decrease the accuracy of the sensor. Correspondingly, for soft cantilevers this upper limit will be lower.
The proposed dynamic model of the AFM sensor reproduces the experimental results well. So, it can be used to predict scanning modes and to provide a scan parameter estimation for other kinds of modified AFM sensors.
